INTRODUCTION
============

Ginseng is one of the most popular herbal medicines and has a variety of pharmacological and therapeutic applications. In particular, the ginsenosides have been reported to have anticancer, anti inflammatory, antioxidative, and vasorelaxing properties. The molecular components primarily responsible for the action of ginseng are ginsenosides (ginseng saponins). About 50 different ginsenosides have been isolated and identified in *Panax ginseng* roots, and ginsenoside Rd (G-Rd) is known to be one of the more active ginsenosides [@B001]. However, the (patho) physiological activity of G-Rd and its signaling pathways in cancer cells have not been determined.

Gastric cancer and breast cancer are leading causes of mortality in Korea. In previous studies, we found that human gastric cancer cells (AGS) express the melastatin type transient receptor potential 7 (TRPM7) channel and that this channel has a negative effect on cell survival and suggested that it be considered a therapeutic target in gastric cancer [@B002]. Similarly, Guilbert et al. [@B003] suggested that TRPM7 has a negative effect on breast cancer cell (MCF) viability.

Transient receptor potential (TRP) melastatin 7 (TRPM7), a member of the TRP channel family, is ubiquitously expressed in the body [@B004]-[@B006] and involved in a number of physiological and pharmacological processes [@B007]-[@B009]. Recently, Kim et al. [@B010] suggested that Rg3 is involved in gastric cancer apoptosis by influencing TRPM7 channels. Also Rf depolarized the pacemaking activity and inhibited the amplitude in murine small intestine. But, Rf had no effects on TRPM7 channels [@B011]. Among ginsenosides, the effect of G-Rd on TRPM7 channel with respect to the survival and electrophysiological characteristics of cancer cells is unknown. Therefore, in this study, it was examined for the effects of G-Rd on TRPM7 channels with respect to the survival and proliferation and the electrophysiological characteristics of AGS and MCF-7 cells.

MATERIALS AND METHODS
=====================

Drugs
-----

G-Rd was purchased in the AMBO Institute (Seoul, Korea). All other drugs were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cells
-----

The AGS and MCF-7 cell lines were established at the Cancer Research Center, College of Medicine, Seoul National University. The cell lines were cultured in RPMI-1640 (Gibco-BRL, Rockville, MD, USA) supplemented with 10% fetal bovine serum. Cells were grown at 37℃ in a 5% CO~2~ humidified incubator.

Patch-clamp experiments
-----------------------

Cells were transferred to a small chamber on the stage of an inverted microscope (IX70; Olympus, Tokyo, Japan) and constantly perfused with Tyrode solution containing (mmol/L) KCl 2.8, NaCl 145, CaCl~2~ 2, glucose 10, MgCl~2~ 1.2, and HEPES 10, adjusted to pH 7.4 with NaOH at a rate of 2 to 3 mL/min. The pipette solution contained (mmol/L) Cs-glutamate 145, NaCl 8, Cs-2-bis(2-aminophenoxy)-ethane-*N*,*N*,*N′*,*N′*-tetraacetic acid 10, and HEPES-CsOH 10, adjusted to pH 7.2 with CsOH. The conventional whole cell patch-clamp technique was adopted to hold the membrane potential at -60 mV using an Axopatch 1-D patch-clamp amplifier (Axon Instruments, Union City, CA, USA). For data acquisition and the application of command pulses, pCLAMP software ver. 9.2 and Digidata 1322A (Axon Instruments) were used. Data were analyzed using pCLAMP and Microcal Origin ver. 6.0 (Microcal Software, Northampton, MA, USA).

Melastatin type transient receptor potential 7 expression in human embryonic kidney 293 cells
---------------------------------------------------------------------------------------------

Human embryonic kidney (HEK) 293 cells (ATCC, Manassas, VA, USA) were maintained according to the supplier's recommendations. For transfection, cells were transfected with the Flag-murine LTRPC7/pCDNA4-TO construct and grown on glass coverslips in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum, blasticidin (5 μg/mL), and zeocin (0.4 mg/mL) using the transfection reagent FuGENE 6 (Roche Molecular Biochemicals, Indianapolis, IN, USA) according to the manufacturer's protocol. TRPM7 expression was induced by adding 1 μg/mL tetracycline.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay
------------------------------------------------------------------

AGS or MCF-7 cells were seeded into each well of 12-well culture plates and then cultured in RPMI-1640 supplemented with G-Rd for 72 h. After incubation, 100 μL of (5 mg/mL) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent was added to each well, and the plates were placed at 37℃ in an incubator for 3 hours. After aspirating supernatant, 400 μL of dimethyl sulfoxide (Jersey Lab Supply, Livingston, NJ, USA) was added to each well. The yellow formazan product was assayed spectrophotometrically at 570 nm using an enzyme-linked immunosorbent assay plate reader.

Caspase-3 activity assay
------------------------

Caspase-3 activity was determined using assay kits (BioMol, Plymouth, PA, USA). Absorbance was measured at 405 nm on microplate spectrophotometer at several time-points. A pan-caspase inhibitor zVAD-fmk (Calbiochem, La Jolla, CA, USA) was used to validate the assay method.

Assessment of mitochondrial membrane depolarization
---------------------------------------------------

Mitochondrial membrane depolarization was evaluated using JC-1 fluorescence probe according to the manufacturer's instructions (Molecular Probes, Eugene, OR, USA). Cells were analyzed by flow cytometry using excitation wavelength of 488 nm and 530 or 585 nm bypass emission filters.

Flow cytometric analysis
------------------------

To analyze cell cycles, cells were labeled with propidium iodide (50 μg/mL) solution containing RNase A (100 μg/mL), and analyzed by flow cytometry (FACScan; Becton Dickinson Immunocytometry Systems, San Jose, CA, USA). Sub-G1 fractions were used as measures of apoptotic cells [@B012].

Statistical analysis
--------------------

Data are expressed as means±SEMs. The significances of differences were determined using the Student's *t*-test. Statistical significance was accepted for *p*-values \<0.05.

RESULTS
=======

Ginsenoside Rd induced AGS and MCF-7 cell death
-----------------------------------------------

MTT assays were used to ascertain whether G-Rd inhibits AGS and MCF-7 cells. Cell numbers were gradually decreased concentration-dependently by G-Rd, which had an IC~50~ value of 131.2 μM in AGS cells ([Fig. 1](#F001){ref-type="fig"}A) and of 154.3 μM in MCF-7 cells ([Fig. 1](#F001){ref-type="fig"}C). IC~50~ values were determined by quantifying cell proliferation over time ([Fig. 1](#F001){ref-type="fig"}B, D). To confirm cell viability, we used a negative control, HEK 293 cells, which are human normal cells. G-Rd 300 μM more increased the cell viability in HEK 293 cells than AGS and MCF-7 cells ([Fig. 1](#F001){ref-type="fig"}A, C).

![Ginsenoside Rd (G-Rd) induced AGS and MCF-7 cell death. (A) AGS cells were incubated with G-Rd at the indicated concentrations for 72 h prior to 3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyltetrazolium bromide (MTT) assays. Distilled water was used as the vehicle. Cell viabilities are expressed as percentages versus treatment naïve controls. (B) Time course response to G-Rd. AGS cell viabilities are expressed versus cells treated with vehicle only and harvested at zero time. (C) The MCF-7 cells were incubated with G-Rd at the indicated concentrations for 72 h prior to MTT assays. Distilled water was used as vehicle. Cell viabilities are expressed as percentages versus treatment naïve controls. (D) Time course response to G-Rd. MCF-7 cell viabilities are expressed versus cells treated with vehicle only and harvested at zero time. Results are presented as means±SEMs. HEK 293 cells were used as nagative control. \*\**p*\<0.01.](grosbr-37-201-g001){#F001}

Ginsenoside Rd triggered apoptosis in AGS and MCF-7 cells
---------------------------------------------------------

A mitochondrial membrane depolarization assay was used to investigate whether AGS and MCF-7 cell death occurred by apoptosis. G-Rd increased mitochondrial membrane depolarization (an initial event in intrinsic apoptosis signaling) ([Figs. 2](#F002){ref-type="fig"}A and [3](#F003){ref-type="fig"}A), showing that G-Rd induces apoptosis via intrinsic apoptotic mechanisms. Caspase-3 activation is an indicator of cell death by apoptosis, and therefore, we investigated the effect of G-Rd on caspase-3 enzyme activity in AGS and MCF-7 cells. G-Rd increased caspase-3 enzyme activity, and this was inhibited by zVAD-fmk, a pan-caspase inhibitor ([Figs. 2](#F002){ref-type="fig"}B and [3](#F003){ref-type="fig"}B). Sub-G1 mode analysis was then used to determine the cell death mode in AGS and MCF-7 cells after incubation with G-Rd [@B013],[@B014]. After incubation in 300 μM G-Rd, the sub-G1 markedly was increased by 41.2±5.3% in AGS and 37.3±5.1% in MCF-7 cells ([Figs. 2](#F002){ref-type="fig"}C and [3](#F003){ref-type="fig"}C).

![Ginsenoside Rd (G-Rd) triggered AGS cell apoptosis. (A) Mitochondrial membrane depolarizations are expressed as percentages versus untreated cells. (B) Cells were cultured with G-Rd at the indicated concentrations for 24 h prior to caspase assays. Caspase activities of untreated cells were set at 100%. The pan-caspase inhibitor zVAD-fmk (zVAD, 20 μM) was used to validate the analytical method employed. (C) Sub-G1 peak measured by FACScan. Results are means±SEMs of three independent experiments. \*\**p*\<0.01.](grosbr-37-201-g002){#F002}

![Ginsenoside Rd (G-Rd) triggered MCF-7 cell apoptosis. (A) Mitochondrial membrane depolarizations are expressed as percentages versus untreated cells. (B) Cells were cultured with G-Rd at the indicated concentrations for 24 h prior to caspase assays. Caspase activities of untreated cells were set at 100%. The pan-caspase inhibitor zVAD-fmk (zVAD, 20 μM) was used to validate the analytical method employed. (C) Sub-G1 peak measured by FACScan. Results are means±SEMs of three independent experiments. \*\**p*\<0.01.](grosbr-37-201-g003){#F003}

Involvement of melastatin type transient receptor potential 7 in cell death
---------------------------------------------------------------------------

It has been suggested that TRPM7 is required for cell proliferation and survival [@B005], and Guilbert et al. [@B003] suggested that TRPM7 is required for MCF-7 cell proliferation. Also, it has been suggested gastric cancer AGS cells express TRPM7 channel and that inhibition of this channel induces cell death [@B002]. Thus, the effects of G-Rd on TRPM7 channels were investigated, and whole cell patch-clamp recordings were obtained to check the electrophysiological effects of G-Rd on TRPM7-like currents in AGS and MCF-7 cells. In MTT assay and so on, G-Rd 300 μM showed the very good effects on AGS and MCF-7 cells. Therefore, we used G-Rd 300 μM in electrophysiological studies. A voltage ramp was applied from -100 to +100 mV. Subsequently, small inward currents were observed at negative potentials and larger outward currents at positive potentials, showing outward-rectifying cation currents (*n*=6; [Fig. 4](#F004){ref-type="fig"}Aa, Ba).

![Inhibition of melastatin type transient receptor potential 7 (TRPM7)-like currents by ginsenoside Rd (G-Rd) in AGS and MCF-7 cells. (A) Effect of G-Rd on TRPM7-like currents in AGS cells. I--V curves (a) and a summary bar graph (b) in the absence (■) or presence (●) of G-Rd. (c) Concentration-dependent inhibition of TRPM7-like current by G-Rd in AGS cells. The estimated median inhibitory concentration value was 170 μM. The saturation concentration might be 500 μM. (B) Effect of G-Rd on TRPM7-like currents in MCF-7 cells. I--V curves (a) and a summary bar graph (b) in the absence (■) or presence (●) of G-Rd. (c) Concentration-dependent inhibition of TRPM7-like current by G-Rd in MCF-7 cells. The estimated median inhibitory concentration value was 178 μM. The saturation concentration might be 500 μM. \*\**p*\<0.01.](grosbr-37-201-g004){#F004}

In the presence of G-Rd, the amplitudes of TRPM7-like currents were inhibited by 86.1±5.1% outwardly and by 53.1±3.3% inwardly in AGS cells and by 82.2±3.2% outwardly and 66.2±3.1% inwardly in MCF-7 cells (*n*=6; [Fig. 4](#F004){ref-type="fig"}Ab, Bb). In addition, similar results were obtained in HEK 293 cells overexpressing TRPM7 (*n*=6, [Fig. 5](#F005){ref-type="fig"}Aa). In the presence of G-Rd, the amplitudes of TRPM7 currents were inhibited by 76.2±3.1% outwardly and by 63.2±3.4% inwardly in TRPM7 overexpressing HEK 293 cells (*n*=6, [Fig. 5](#F005){ref-type="fig"}Ab).

![Effects of ginsenoside Rd (G-Rd) on melastatin type transient receptor potential 7 (TRPM7) channel overexpression in human embryonic kidney (HEK) 293 cells. (A) Effect of G-Rd on TRPM7 currents in HEK 293 cells. I--V curves (a) and a summary bar graph (b) in the absence (■) or presence (●) of G-Rd. (B) TRPM7 cells were treated or not treated with tetracycline for 1 d. Cells were incubated with G-Rd, followed by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. \*\**p*\<0.01.](grosbr-37-201-g005){#F005}

We investigated the dose dependent curve. The median inhibitory concentration was 170 μM ([Fig. 4](#F004){ref-type="fig"}Ac) and 178 μM ([Fig. 4](#F004){ref-type="fig"}Bc). The AGS and MCF-7 saturation concentration might be 500 μM ([Fig. 4](#F004){ref-type="fig"}Ac, Bc). For further evidence of the effect of G-Rd on TRPM7 channel, the relation between TRPM7 channel level and G-Rd mediated cell death was investigated using HEK 293 cells with tetracycline \[Tet(+)\]-inducible TRPM7 channel expression [@B005],[@B007]. In these TRPM7 channel overexpressing cells, treatment with G-Rd caused cell death (*n*=5, [Fig. 5](#F005){ref-type="fig"}B), showing that TRPM7 channel upregulation increases the rate of G-Rd induced cell death. Taken together, these results show G-Rd regulates TRPM7 channels, and that these channels play vital roles in the proliferation and survival of AGS and MCF-7 cells.

DISCUSSION
==========

TRP channels constitute a superfamily of proteins that form a diverse group of Ca^2+^-permeable nonselective cation channels. Family members fall into three categories, that is, the classic, vanilloid, and melastatin types. TRPM7 is a ubiquitously expressed ion channel of the melastatin type [@B004],[@B015]-[@B017]. It produces outward currents at positive potentials from +40 to +110 mV and very small inward currents at negative potentials between −120 to −50 mV [@B005],[@B006],[@B009],[@B018]-[@B021]. TRPM7 has multiple cellular and physiological functions, which include cell proliferation and viability [@B005],[@B021],[@B022], cellular Mg^2+^ homeostasis [@B009],[@B022], anoxic cell death [@B023], neural transmission [@B024], cellular adhesion [@B025], and gastrointestinal pacemaking activity [@B026]. Wykes et al. [@B027] concluded that TRPM7 channels importantly affect human mast cell viability, whereas Jiang et al. [@B007] found that TRPM7 channels affect the proliferation of human head and neck cancer cells. Abed et al. [@B028] showed that TRPM7 is involved in human osteoblast cell growth, and Guilbert et al. [@B003] demonstrated that TRPM7 is required for breast cancer cell survival. Similarly, in a previous study, we found that TRPM7 is involved in the gastric cancer cell survival and proliferation [@B002]. In line with these previously studies, the present study shows that G-Rd induces apoptosis in human gastric and breast cancer cells and suggests that this may be due to the inhibition of TRPM7 channel activity.

*P. ginseng* is a famous traditional oriental herb, which has been used to treat a wide variety of diseases in Asian for thousands of years. The main molecular components contributive to the pharmacologic effects of *P. ginseng* are ginsenosides. At present, more than 50 ginsenosides have been identified, among which, G-Rd is one of the most active and efficient ingredients [@B029],[@B030]. There are many papers about the relation of G-Rd and TRPM7 channels. A number of glutamate receptor-independent non-selective cation channels, such as TRPM7 play important roles in ischemic stroke. For example, TRPM7 channel activity was enhanced in oxygen/glucose deprivation-treated cortical neurons and TRPM7 knockdown by RNA interference in cultured neurons and hippocampal delayed anoxic cell death [@B023],[@B031]. Also, G-Rd had significant neuroprotective effects. For example, G-Rd can protect oxygen-glucose deprivation-injured cultured hippocampal neurons [@B032] and reduce the infarct size in rats after middle cerebral artery occlusion [@B033]-[@B036]. Moreover, G-Rd was efficient and safe for the treatment of acute ischemic stroke [@B037]. Zhang et al. [@B038] suggested that G-Rd and TRPM7 are involved in neuroprotection following cerebral ischemia. However, this paper did describe the effects of Rd on TRPM7 electrophysiological responses or on the relation between TRPM7 cell viability. Among the functions of G-Rd, the effect of G-Rd on TRPM7 channel with respect to the survival and electrophysiological characteristics of cancer cells is unknown. Therefore, in this study, we showed that the effects of G-Rd on TRPM7 channels with respect to the survival and proliferation and the electrophysiological characteristics of AGS and MCF-7 cells.

An anticancer compound isolated from *P. ginseng* has an effect on human pancreatic tumours [@B039]. Ginsenoside Rh2 induces apoptosis and paraptosis-like cell death in colorectal cancer cells by activation of p53 [@B040]. Ginsenoside Rg3 inhibits colorectal tumour growth by down-regulation of Wnt/β-catenin signalling [@B041]. These anticancer ginsenosides provide reason for further development of this compound as a chemotherapeutic agent.

In this study, G-Rd suppressed the survival and proliferation of AGS and MCF-7 cells. In addition, G-Rd increased caspase-3 activity, mitochondrial depolarization, and sub-G1 fractions, but inhibited TRPM7-like currents in AGS and MCF-7 cells and in TRPM7 overexpressing HEK 293 cells in whole-cell voltage-clamp recordings. Furthermore, the overexpression of TRPM7 in mammalian cells increased G-Rd induced cell death.

Taken together, our findings suggest that G-Rd inhibits the proliferation and survival of gastric and breast cancer cells, and that G-Rd-induced apoptosis is due to the inhibition of TRPM7. Thus, our data suggest G-Rd importantly affects the proliferation and survival in gastric and breast cancer cell by influencing TRPM7 channels.
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